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Nanowire waveguides with controlled shape are promising for engineering the collection efficiency of quantum light sources. We investigate the exciton lifetime in individual InAsP quantum dots, perfectly positioned on-axis of InP nanowire waveguides. We demonstrate control over the quantum dot spontaneous emission by varying the nanowire diameter in e-beam patterned arrays, which modifies the coupling efficiency of the emitter to the fundamental waveguide mode. The spontaneous emission rate is inhibited by a factor of 12 in thin nanowires compared to nanowires with optimized waveguide diameter. From the measured inhibition factor, we determine a high radiative yield exceeding 92% in bottom-up grown nanowires. V C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3694935] Nanowire waveguides enable the efficient collection of single photons emitted from solid-state sources with the promise to reach efficiencies larger than 90%. High collection efficiency has been demonstrated for self-assembled quantum dots in top-down etched nanowires, 1 single quantum dots in bottom-up grown nanowires, 2 and color-centers in etched diamond nanowires. 3 One of the key parameters in designing a waveguide structure is the ratio between the nanowire diameter, D, and the emission wavelength, k. Under optimum waveguide conditions (D/k ¼ 0.22 for GaAs (Ref. 4) and 0.23 for InP (Ref. 2) nanowires), emitted photons are funneled into the fundamental waveguide mode confined in the nanowire. As a result, the emission is very directional and can be efficiently collected with limited numerical aperture objectives. 4 In contrast, at low D/k ratios, optical modes are no longer confined in the nanowire and the source only couples to a continuum of non-guided radiative modes yielding a non-directional emission pattern and inefficient collection of the light.
Bleuse et al. 5 demonstrated that the spontaneous emission rate C, defined as the inverse of the emission lifetime s, depends strongly on the nanowire diameter. The spontaneous emission rate for diameters optimized for the waveguide approaches emission rates for the same emitter in a bulk matrix (C ¼ 0.9 Â C bulk for GaAs (Ref. 5)). Conversely, the spontaneous emission is suppressed at smaller nanowire diameters where the emitter weakly couples to waveguide modes in the nanowire. The spontaneous emission rate is further suppressed for randomly positioned quantum dots displaced with respect to the waveguide axis, which is thus far a common issue for self-assembled quantum dots in etched waveguides. 1, 5 Here, we overcome this positioning issue by core-shell bottom-up growth of nanowire waveguides with quantum dots perfectly positioned on the waveguide axis. Our growth method enables independent control of the quan-tum dot location in the nanowire core and the total waveguide diameter set by the shell thickness. In this letter, we study the exciton lifetime for 50 individual quantum dots with D/k ranging from 0.14 to 0.30. Importantly, we are able to accurately tune the waveguide diameter by controlling the nanowire interdistance in arrays patterned on a single chip, while maintaining the same dimensions of the nanowire core where the quantum dot is positioned.
InAsP quantum dots in InP nanowires are grown in a metal-organic vapor phase epitaxy reactor using the vaporliquid-solid growth mechanism initiated with a gold catalyst. Electron-beam lithography is utilized for defining the gold catalyst size (25 and 50 nm in diameter) and positioning them in arrays 6,7 with a nanowire interdistance ranging from 0.8 to 5 lm. Prior to growth, a two-step cleaning process including a Piranha etch and an in-situ anneal at 550 C is performed in order to remove resist residues from the substrate. 8 The growth is initiated with the core of the InP nanowire at 420 C, where an individual quantum dot is grown at half the nanowire length by adding arsenic to the system. The height of the quantum dot is defined by the growth time and is approximately 10 nm, 9 whereas the quantum dot diameter is determined by the size of the gold catalyst. Subsequently to the quantum dot growth, we increase the temperature to 500 C in order to enhance radial growth compared to axial growth and surround the nanowire core with a homogenous InP shell. By varying the pitch of the nanowire array for a given catalyst size, we tune the shell growth rate. The shell thickness determines the final diameter of the nanowire waveguide. Fig. 1 (a) shows scanning electron micrographs of nanowires grown from 25 nm gold catalysts in arrays of different pitches. We observe that, as the nanowire length remains constant ($7 lm), the nanowire diameter enlarges by increasing the wire-to-wire distance (L). At small L, nanowires grow in the competitive growth regime and compete in the collection of indium atoms diffusing on the substrate surface. 10 By increasing L, the collection area for each nanowire a)
These authors contributed equally to this work. enlarges, resulting in an enhancement of the volume collected per nanowire owed by mass conservation as it has been previously reported for InAs (Ref. 10) and GaP (Ref. 11) nanowires. Finally, when the distance between nanowires exceeds the diffusion length of indium atoms, the growth rate becomes independent on the nanowire spacing and saturates. In our work, we exploit these two growth regimes to accurately control the nanowire waveguide diameter. In Fig. 1(b) , we measure the average nanowire diameter at the quantum dot position for each growth array. We observe the transition from the competitive to independent growth regime at L $ 3 lm.
Photoluminescence (PL) spectroscopy is utilized to study the spontaneous emission properties of single InAsP quantum dots in InP nanowire waveguides. Fig. 2 (a) shows typical PL spectra of a single quantum dot as a function of the excitation power at 10 K, using a continuous-wave Ti:Sapphire laser at k ¼ 750 nm and spot size of $1 lm. We observe two emission peaks due to the exciton (X) recombination at 979.1 nm and the biexciton (XX) recombination at 979.6 nm, respectively. Fig. 2(b) shows the integrated emission intensity measured on a silicon CCD for the X and XX peak, respectively, as a function of the excitation power. Experimental data are fit with Poisson statistics using a linear and quadratic coefficient for X and XX, respectively, in order to accurately label the peaks. A PL spectrum at low excitation power is shown in Fig. 2(c) .
The exciton emission linewidth is 120 leV and is separated from the biexciton emission by 0.65 meV. The spectrum is representative of the quantum dots investigated in this work that exhibit a rather narrow distribution of exciton emission wavelength: 975 6 5 nm.
In the following, we filter the exciton peak in order to measure the exciton lifetime through time-resolved photoluminescence. Fig. 3 shows five photoluminescence decays measured on single quantum dots positioned in nanowires with different diameters, corresponding to different D/k ratios. The quantum dot is now excited with 3 ps laser pulses using a repetition rate of 76 MHz and time-resolved PL is measured with a silicon avalanche photodiode. The background associated with the dark counts of the detector is subtracted from the measurements. The PL intensity (circles) is normalized to 1 for each measurement and the PL decays are fitted with mono-exponential decays displayed by blue lines. The exciton lifetime is significantly shortened by increasing D/k from 0.14 to 0.24, since at larger diameters the quantum dot couples with higher efficiency to the fundamental waveguide mode of the nanowire. In contrast, at smaller nanowire diameters, the density of radiative modes available for the quantum dot is strongly reduced.
In Fig. 4 , we plot the exciton lifetime for all investigated quantum dots with D/k ratios ranging from 0.14 to 0.30. Each experimental data point refers to the exciton lifetime of a single quantum dot and the corresponding D/k ratio is calculated from the exciton emission wavelength. At small D/k (0.14-0.15), the quantum dot only couples to a continuum of non-guided radiative modes propagating away from the nanowire axis with a long recombination lifetime (s > 15 ns). By increasing D/k, the quantum dot emits photons into the fundamental mode of the nanowire waveguide with an increased rate in comparison to non-guided modes. 4 Thus, 
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Appl. Phys. Lett. 100, 121106 (2012) the coupling of the quantum dot to this waveguide mode results in a remarkable shortening of the exciton lifetime until saturation occurs for D/k ranging between 0.24 and 0.30. At saturation, the exciton lifetime approaches 1.7 ns as predicted for InAs quantum dots buried in a bulk InP matrix 12 (displayed by the red dashed dotted line). The observed behavior is consistent with calculations that assume an inplane radiative dipole for the quantum dot, 4 which are experimentally confirmed in Ref. 5 . Hence, we conclude that the dipole associated with the exciton transition is oriented perpendicular to the waveguide axis for quantum dots in bottom-up grown nanowires studied in this work. From the dipole orientation, combined with the quantum dot position on the nanowire axis, 2 a coupling efficiency to the fundamental waveguide mode above 95% is expected from fully vectorial calculations under optimum photonic confinement. 5 By comparing the exciton lifetime measured for D/k $ 0.245 (dotted circle, s ¼ 2.0 6 0.2 ns) with that measured for D/ k $ 0.14 (black circle, s ¼ 24.0 6 0.4 ns), we obtain an inhibition factor of 12 for thinner nanowires. This inhibition of the spontaneous emission rate is solely due to suppression of the coupling to the fundamental waveguide mode. 4 Similar results have been demonstrated by using the bandgap of 2D photonic crystals, 13, 14 3D photonic crystals, 15, 16 or with photonic nanowires. 5 In stark contrast to top-down etched photonic nanowires, the quantum dot emission in bottom-up grown nanowires is still clearly visible for diameters as small as 50-60 nm. 9 In the case of photonic nanowires with D < 120 nm, 5 the quantum dot emission is totally suppressed, most likely due to surface non-radiative recombination enhanced by etching-related defects.
We now estimate the radiative quantum efficiency of InAsP quantum dots in bottom-up grown nanowires. The long exciton lifetime that we measure in thin nanowires (i.e., s ¼ 24 ns for D/k $ 0.14) is suggestive of the high optical quality for quantum dots investigated in this work since nonradiative recombination processes act on time scales longer than 24 ns (C ¼ 1/s ¼ 42 ls À1 ). Since the total recombination rate, C, is composed of both radiative, C R , and non-radiative, C NR , decay channels,
the slow recombination rate that we measure for thin nanowires sets the highest limit of C NR ¼ 42 ls À1 . In reality, however, C NR is lower since part of the measured recombination rate is originating from light emission. In order to calculate the radiative quantum efficiency, g ¼ C R /C, we analyze the recombination rate when the quantum dot couples to the fundamental waveguide mode of the nanowire and we assume that the non-radiative recombination rate, C NR , is constant as a function of nanowire diameter. At D/k $ 0.245, the average measured lifetime is s ¼ 2 ns, corresponding to a recombination rate of C ¼ 500 ls À1 . Thus, using C NR ¼ 42 ls À1 we infer from Eq. (1) that C R ¼ 458 ls À1 . As a result, we obtain a high radiative quantum efficiency, g ¼ 92%, which is the first experimental measurement for the efficiency of InAsP quantum dots in bottom-up grown nanowires and should be considered as a lower bound of the actual radiative quantum efficiency. Each experimental point represents the exciton lifetime measured for a single quantum dot. The exciton lifetime is long for small nanowire diameters (black circle) and decreases as the fundamental waveguide mode becomes available for the emitter at larger diameters. We observe optimum photonic confinement conditions at D/k $ 0.245, where quantum dots exhibit a lifetime of 2 ns (dotted circle) which approaches the lifetime predicted for the same material system in bulk (red dashed dotted line). The suppression of the quantum dot coupling to waveguide modes that we observe for thin nanowires compared to nanowires having optimum waveguide conditions results in an inhibition factor of 12 for the spontaneous emission rate. Error bars are provided for D/k ratio due to the variation of nanowire diameter measured within the same growth pattern.
In this work, we have investigated the exciton spontaneous emission lifetime for single InAsP quantum dots positioned on the axis of InP nanowire waveguides. The bottom-up approach employed for the growth of nanowires enables us to analyze a wide range of diameters on the same chip. The e-beam positioning of gold catalysts allows for an accurate control of nanowire diameter during growth and for obtaining high uniformity within the same growth array. We have demonstrated that the spontaneous emission rate is maximum for D/k $ 0.245 when the quantum dot efficiently couples to the fundamental waveguide mode and the emission is well confined in the nanowire. At smaller nanowire diameters, we observe an inhibition of the spontaneous emission by a factor of 12, from which we obtain a radiative quantum efficiency exceeding 92% for quantum dots in bottom-up grown nanowires.
